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control of breathing; maternal separation; environment; chemoreflex; hypoxia DURING THE JUVENILE PERIOD, social (peer-to-peer) interactions are an important factor contributing to hypothalamo-pituitaryadrenal (HPA) axis development (4, 42) . Therefore, the number of animals inside a cage is a determining factor in the development of each animal. In most animal care facilities, postweaning housing conditions consist of placing multiple animals within a single cage. Whereas most studies rarely report cage composition, a brief survey of the literature reveals important variations among those studies that do; some report housing rats four or five per cage (33) whereas others house rats two or three per cage (20) . At first glance, the potential implication of such differences in housing conditions on animal physiology may seem relatively minor. But a recent study in our laboratory has examined the impact of subtle changes in cage composition from our standard practice of housing two rats per cage to three per cage from weaning (day 21) until adulthood on animals' respiratory physiology (16) . Briefly, male rats housed in triads showed a significantly lower hypoxic ventilatory response (HVR) compared with animals housed in pairs. This study also compared the HVR of adult male rats exposed to neonatal maternal separation (NMS; 3 h/day from postnatal days 3 to 12), a form of neonatal stress that disrupts normal HPA axis functions, and augments responsiveness to various stressful and enriched environments (18) . Neonatal maternal separation constitutes an excellent model to understand the long-term impact of housing on animal physiology. By comparison with controls, housing male rats in triads had a greater effect in NMS rats as indicated by an attenuated HVR, reduced plasma corticosterone (CORT) levels and increased testosterone levels. Although these results do not precisely indicate why housing had such an effect in male rats, we proposed that increased social interactions, observed under the form of play-fighting among these animals, contribute to promote optimal central nervous system (CNS) development in young rats (16, 17, 40) .
Because male and female rats respond very differently to crowding and social isolation (4, 42) , and because the development of males is greatly affected by subtle changes in housing condition (2 vs. 3 animals/cage) (16), we judged it equally important to investigate the effect of such changes in housing condition on the neuroendocrine, thermoregulatory, and hypoxic ventilatory responses of female rats. Since neonatal stress affects development of the HPA axis and functioning of the respiratory control system, experiments were also conducted on animals subjected to NMS. Demonstrating that simple changes in external conditions affect the development of both male and female rats may have beneficial implications in clinical settings, but should also raise awareness and cautiousness among researchers before elaborating protocols and interpreting results.
METHODS

Experimental Animals
Experiments were performed on 134 Sprague-Dawley female rats aged between 10 and 16 wk and weighing between 240 and 426 g on the day of ventilatory measurements. Of this count, 98 females were housed in pairs and 36 were housed in triads. Pair housing is the standard housing condition in our animal care facilities. Experiments were first performed on 24 females housed in pairs and data were compared with previous results reported in our laboratory (15, 21) . Since all data sets were nearly identical, 74 females housed in pairs (see details below) from these earlier studies were added to the current data set to increase statistical power while reducing and optimizing use of laboratory animals. All rats were born and raised in our animal care facility. Animals were supplied with food and water ad libitum and maintained in standard care conditions (21°C, 12:12-h dark-light cycle: lights on at 0600 and off at 1800). Laval University Animal Care Committee approved the experimental procedures and the protocols were in accordance with the regulations of the Canadian Council on Animal Care.
Mating and Housing Conditions
Mating and housing conditions were recently described in detail in a previous report (16) . Briefly, two or more nulliparous females were mated and typically delivered between 12 and 18 pups. Two days after delivery, litters were normalized to 12 pups, when necessary, with an equal number of males and females whenever possible. Pups were weaned on postnatal day 21 and were housed either in pairs or triads. Cage size was the same for both groups (length 47 cm, width 25.5 cm, height 20 cm). Each cage was supplemented with a black PVC pipe 3 in. in diameter. Rats were so reared until adulthood (10 -16 wk) at which time the surgical intervention, blood samples, and ventilatory measurements were performed.
Body Weight Profiles
Individual body weights were monitored to screen for social dominance inside a cage. Rats housed in pairs develop a social hierarchy such that one animal establishes itself as a dominant whereas the other becomes subordinate. Physiologically, dominance is usually associated with an increased food consumption and weight gain compared with the subordinate animal (1, 10, 39, 42) . To determine whether housing affects this pattern, body weights (W b) were recorded on the day of surgery and compared between groups.
Neonatal Maternal Separation (NMS)
Litters exposed to neonatal stress were subjected to our standard NMS protocol from postnatal days 3 to 12 (16, 21, 29) . Specifically, on each of postnatal days 3-12 between 0900 to 1200, the entire litter of pups was separated from the dam, placed in a temperature (32°C)-and humidity (45%)-controlled incubator, and isolated from each other by opaque Plexiglas compartments. Control pups were undisturbed during the same period of postnatal days 3-12 and continuously remained with the dam (21, 44) . The litter was placed in a larger cage where animal care technicians' attention could be dismissed for 10 consecutive days so as to leave animals completely free from human interactions.
Anesthesia and Surgical Procedures
Telemetry. The following procedures were described in detail in a previous experiment (16) . Specifically, at adulthood, rats received a surgical intervention to implant a fixed telemetric probe transponder (E-mitter, Mini Mitter, Bend, OR) to measure body core temperatures (T b) during ventilatory measurements. Rats were anesthetized with isoflurane (3% in air). The probe was inserted in the peritoneum and sutured behind the internal wall of the abdominal cavity according to our standard procedure (15, 34) . At the end of the surgery, rats received subcutaneous injections of an antibiotic (Baytril 5 mg/kg), an analgesic (buprenorphine 0.02 mg/kg), and fluids (5 ml lactated Ringer). Note that in some animals from previous studies, body temperature was measured using a rectal probe before and after hypoxia. Comparison of the results between studies revealed no significant effect of the procedure (and surgery) used for body temperature measurement.
Blood sampling and hormone analyses. During isoflurane anesthesia, a 2.5-ml blood sample was withdrawn from the jugular vein immediately after surgery and before postoperative treatment. Samples for corticosterone analysis were placed in 2 Microvette 500 K 3 EDTA tubes and samples for analysis of progesterone and estradiol were placed in 1 serum-gel clotting activator Microtube (Sarstedt AG and CO). Serum-gel tubes were kept at room temperature for 30 min before centrifugation (13,000 rpm, 4°C for 5 min). After centrifugation, blood plasma was collected and placed in a Ϫ80°C freezer until assayed. Immediately after ventilatory measurements, another 2.5-ml blood sample was obtained by intracardiac puncture under ketamine (Rogarsetic; 80 mg/kg) and xylazine (Rompun; 10 mg/kg) anesthesia (5%: 0.2 mg/100 g). This posthypoxic sample was handled the same way as baseline (normoxic) blood samples and stored in the Ϫ80°C freezer until total CORT, progesterone, and estradiol assays were performed. Analysis of CORT was performed in our laboratory as we have done previously (15, 21) using the Correlate-EIA ELISA kits (Assay Design, Ann Arbor, MI) and a microplate spectrophotometer (-Quant, Bio-Tek Instruments, Winooski, VT). CORT concentrations were calculated from the parameters of the standard curve linearized by a log-log transformation. Analyses of estradiol and progesterone were performed by the clinical biochemistry laboratory of our hospital using an electrochemiluminescence immunoassay test (ECLIA) and read by the Eclecsys 1010/2010 modular analyzer (Roche Canada, Mississauga, ON, Canada). Note that for all blood samples of sexual hormones, the stage of the estrous cycle was voluntarily unidentified. Estrous staging is a stressful procedure that can elicit its own neuroendocrine stress response and interfere with hormonal and respiratory measurements. Moreover, previous work from our laboratory indicates that NMS does not affect the estrus cycle (13) .
Ventilatory and Metabolic Measurements
Ventilatory measurements were performed using a whole body, flow-through plethysmography system (model PLY3223, Buxco Electronics, Sharon, CT) according to a protocol previously described (15, 21, 22, 28) . Briefly, the rat was placed unrestrained in a 4.5-liter Plexiglas experimental chamber and allowed to calm and acclimatize before launching measurements. This period typically lasted between 30 and 60 min. The breathing frequency (f), tidal volume (V T), minute ventilation (V E), and oxygen consumption (V O2) were all recorded using a data acquisition software (IOX, EMKA Technologies, Falls Church, VA). The flow rate of air going in and out of the chamber was maintained between 2.0 and 2.5 l/min using a push-flow regulator pump (PLY 1020; Buxco Research). Expired and inspired O 2 levels were monitored using an oxygen analyzer (model S-3A, Ametek, Pittsburg, PA) and portable O 2 analyzer (TED-60-T; Teledyne Analytical Instruments), respectively.
In all animals, basal ventilatory activity was first recorded while the rat was breathing room air (normoxia) for 10 min immediately followed by a 20-min period of moderate hypoxia (FI O 2 ϭ 0.12). Specifically, baseline measurements of ventilatory variables were obtained by averaging the last 10 min of stable recording whereas a 5-min average was taken for each variable at the end of hypoxic exposure. Recordings were made between 0900 and 1300 to minimize fluctuations associated with circadian rhythms. Also during ventilatory measurements, the barometric pressure, body temperature, chamber temperature, and humidity were all recorded for subsequent calculation of V T expressed in milliliters (BTPS) per 100 g of body weight (Wb) according to the equations provided by Drorbough and Fenn (11) . Given the wide range of Wb among animals, calculations of V E, V O2, and V E/V O2 were done anew using allometric correction factors according to the equations described by Mortola and colleagues (35) in 1994. Since there is no equation for allometric correction of V T per se, those were inferred from corrected V E values.
Statistical Analysis
The effects of different housing conditions (pairs vs. triads) and treatment (control vs. NMS) on body weights, plasma hormone levels, and normalized ventilatory data were compared using a two-way ANOVA. Absolute (nonnormalized) respiratory data were also analyzed using a three-way ANOVA (hypoxia, housing, and stress). The Housing, Neonatal Stress, and Hypoxic Ventilatory Response in Adult Rats • Fournier S et al. body weight of cage mates was averaged and the standard deviation calculated. These values were then used to calculate the coefficient of variation (CV) for body weight as an index of dominance among littermates. The CV was calculated by dividing the standard deviation by the average.
All statistical analyses were done using Statview 5.0 (SAS Institute, Cary, NC). A repeated-measures design was used when appropriate. ANOVA was followed by Fisher's post hoc test when P Յ 0.05, unless otherwise stated. P values reported in the text are results of ANOVA. Results from post hoc tests are displayed in the figures. Data are reported as means Ϯ SE.
RESULTS
Effects of Housing and Neonatal Stress on Body Weights and Plasma Corticosterone Levels
Body weight profiles. Animals housed in triads were on average 40 g heavier than animals housed in pairs (Table 1: housing effect: P Ͻ 0.0001). They were also on average 5 days older but this was not a determining factor on body weight (age effect: P ϭ 0.91). Triad housing tended to reduce the distribution of intracage individual body weights (P ϭ 0.07); however, the coefficient of variation (expressed in percent change) yielded no statistically significant comparisons (Table 1 : P Ͼ 0.05, for all). For animals housed in pairs, females subjected to NMS had lower body weights (housing ϫ NMS: P ϭ 0.02). Such variations in body weights granted allometric corrections for ventilation and metabolic values.
Plasma corticosterone (CORT). Neither housing condition nor the NMS treatment affected baseline corticosterone levels ( Fig. 1 ; housing effect: P ϭ 0.26; NMS treatment: P ϭ 0.21).
Likewise, plasma CORT levels measured at the end of hypoxia were not significantly different from baseline ( Fig. 1 ; hypoxia effect: P ϭ 0.27).
Ventilatory and Metabolic Variables at Rest and in Response to Hypoxia
Baseline conditions. During baseline (normoxia), minute ventilation (V E) did not differ across housing conditions (P ϭ 0.09) and was not influenced by NMS (Table 2 : P ϭ 0.11). Following allometric correction, however, baseline V E of rats housed in pairs was slightly lower than that of animals housed in triads (Table 2: housing effect: P ϭ 0.01). Baseline breathing frequency was not affected by housing or NMS (P ϭ 0.13 and P ϭ 0.79, respectively). Baseline VT was unaffected by treatment (P ϭ 0.20) but tended to be lower in animals housed in pairs (P ϭ 0.06).
On average, basal body temperature of rats housed in triads was 0.4°C lower than animals housed in pairs (Table 2; housing effect: P ϭ 0.01) but was unaffected by neonatal stress (NMS effect: P ϭ 0.66). Oxygen consumption (V O 2 ) was unchanged by housing (Table 2 : P ϭ 0.43) or NMS (Table 2 : P ϭ 0.61). Allometric correction did not affect this result (P Ͼ 0.05, for both). Likewise, the convective requirement ratio (V E/V O 2 ) remained constant across treatments (Table 2 : P ϭ 0.18).
Hypoxic ventilatory response (HVR). Hypoxia significantly increased V E in all groups (P Ͻ 0.0001). Expressing these responses as a percentage change from baseline showed that the ventilatory response to hypoxia of rats housed in triads is lower than that of animals housed in pairs (Fig. 2: housing effect: P ϭ 0.04). Performing this analysis on allometric data yielded a similar result (housing effect: P ϭ 0.01). Hypoxia increased the breathing frequency of animals in all groups (P Ͻ 0.0001); triad housing augmented the response of NMS rats but not controls (hypoxia ϫ housing ϫ NMS: P ϭ 0.006). Expressing results in percentage change from baseline confirmed these results (housing ϫ treatment: P ϭ 0.007). By the end of hypoxia, VT was increased in rats housed in pairs but not triads (hypoxia ϫ housing: P ϭ 0.03). NMS did not affect this response (hypoxia ϫ NMS treatment: P ϭ 0.92). Expressing results in a percentage change from baseline confirmed the analysis performed on absolute data (Fig. 2: housing effect: P Ͻ 0.0001). A similar result was obtained following allometric calculations of VT (P Ͻ 0.0001). Together, these results show that housing affects both the tidal volume and breathing frequency response to hypoxia.
Body temperature (T b ) and oxygen consumption responses (V O 2 ).
Body temperature was significantly decreased during hypoxia ( Fig. 3A: P Ͻ 0.0001) but this effect was only observed in animals housed in pairs (hypoxia ϫ housing: P Ͻ 0.0001).
Hypoxia significantly decreased the V O 2 of all groups of animals ( Fig. 3B : P Ͻ 0.0001). However, this response was not influenced by housing or NMS (P Ͼ 0.05 for both). Allometric corrections produced similar results (data not shown).
Hypoxia increased V E/V O 2 ( Fig. 3C : P Ͻ 0.0001) but no effect of treatment or housing was observed (P Ͼ 0.05 for both).
Hormonal Profile
Estradiol. Compared with rats housed in pairs, baseline estradiol levels were higher in rats housed in triads (Fig. 4 : housing effect: P ϭ 0.01). Estradiol levels were not affected by NMS (P ϭ 0.2). Exposing rats to hypoxia had no effect on estradiol levels ( Fig. 4 ; hypoxia effect: P ϭ 0.48) and levels remained greater in animals housed in triads (housing effect: P ϭ 0.004).
Progesterone. Baseline levels of progesterone were affected by both housing and NMS treatment (housing ϫ treatment: P ϭ 0.03). Post hoc analysis reveals an increased level of progesterone in NMS females housed in pairs (Fig. 5 : housing effect: P ϭ 0.04; stress effect: P ϭ 0.05). Hypoxia did not affect progesterone levels (Fig. 5: hypoxia effect: P ϭ 0.60) nor did housing (hypoxia ϫ housing: P ϭ 0.88).
DISCUSSION
Because male and female rats react differently to extreme housing conditions (4, 42) , the present series of experiments examined the outcome of more subtle (and likely to occur in everyday manipulations) changes in the housing composition of a husbandry (2 vs. 3 animals/cage) on the neuroendocrine, thermoregulatory, and hypoxic ventilatory responses of female rats. A recent study in our laboratory has shown that such subtle modifications in housing condition during the juvenile period is sufficient to reverse and/or compensate neuroendocrine and respiratory dysfunctions sustained following neonatal maternal separation (NMS) in male rats (16) . Considering that the effects of NMS on animal physiology show significant sexual dimorphism, the current studies were also performed on female rats previously subjected to NMS.
Effect of Housing on Body Weights and Corticotropic Axis
Individual body weights were recorded on the day of ventilatory experimentation as an indicator of hierarchical social dominance. In animals housed in pairs, the dominant exerts control over food accessibility, which usually lifts its own body weight significantly above that of the subordinate. Housing animals in triads tends to reduce this body weight distribution, but results do not reach significance (Table 1 : P ϭ 0.07). Possible explanations are that our pool of animals housed in triads is not big enough to reach significance and/or that animals do not spend enough time together from weaning until adulthood to induce significant changes in body weight variability. However, to precisely evaluate dominance among rats, the methods of this protocol are limited. Proper investigation should include behavioral recordings of playing and fighting as well as control over food.
Corticosterone (CORT) levels were measured as an indicator of the neuroendocrine response to stress. In male rats, CORT Housing, Neonatal Stress, and Hypoxic Ventilatory Response in Adult Rats • Fournier S et al. measurements indicate that triad housing generally reduces HPA axis activation and stress responsiveness (16) . This was especially noticeable in NMS rats for which triad housing significantly reduced basal CORT levels (16) . Because NMS augments HPA axis activity in males but not females (21) , results showing that triad housing had no effect on CORT levels in females were anticipated. Likewise, unlike males, hypoxia (a form of stress that activates the HPA axis) also failed to augment CORT levels in females. These results can suggest that changes in housing conditions and exposure to hypoxia are not stressful to female rats. However, this must be stated cautiously since in females, NMS affects respiratory regulation even though the standard indicators of HPA axis function are unaltered. As such, CORT may not be the best indicator of stress responsiveness. The mechanisms underlying this sex-based difference are unknown, but may be related to the function of the progesterone metabolite allopregnanolone that suppresses HPA axis responsiveness to stress at the central level (5) . According to Brunton and colleagues, allopregnanolone inhibits CRH-containing neurons in the PVN via action on noradrenergic fibers ascending from the NTS. This may explain the low levels of CORT secretion observed globally in NMS females. Fig. 3 . Effects of neonatal stress and housing on the body temperature, oxygen consumption, and convective requirement ratio following hypoxia. A: body temperature was measured during normoxia (baseline) and following 20 min exposure to moderate hypoxia (12% O2) and then expressed as the absolute difference (delta) between hypoxia and baseline. B: oxygen consumption was measured at the same time but the response to hypoxia is expressed as a percentage change from baseline. C: the hypoxic convective requirement ratio (V E/V O2) was also measured at the same time and is expressed in absolute data (STPD). Data were obtained from rats subjected to neonatal maternal separation (NMS) or undisturbed (control) and then raised in pairs (white box) or triads (black bar). Data are expressed as means Ϯ SE. *Value significantly different from pairs (P Ͻ 0.05). 
Effect of Housing on the Ventilatory and Thermoregulatory Responses to Hypoxia
Although no changes were observed in the neuroendocrine activity and metabolic indexes of female rats, changes in housing condition affected their ventilatory and thermoregulatory responses to hypoxia. Consistent with previous studies, NMS females housed in pairs present a breathing frequency response to hypoxia ϳ30% lower than controls (21) . The pathophysiological significance of the NMS-induced decrease in frequency response to hypoxia is uncertain. However, an excessive or insufficient O 2 chemoreflex is a risk factor for respiratory instability. A lower chemoreflex activity delays the time the system takes to resume from hypoxia and possible blood oxygen desaturation. It may also prolong the time spent in apnea (7) . Housing females in triads prevented this decrease. Thus triad housing may be viewed as having a positive effect on this aspect of animal physiology. The mechanisms are unknown, but previous and present data exclude a role of the HPA axis. However, we note that triad housing prevents anapyrexia, a natural decline in body temperature during exposure to hypoxia. Anapyrexia has been reported in our laboratory in every study using rats housed in pairs and exposed to 12% O 2 for 20 min (15, 21) . Because the control of body temperature is regulated by structures of the hypothalamus (e.g., preoptic area, anterior hypothalamus, paraventricular nucleus) (6), it is likely that triad housing from the juvenile period until adulthood affects development and functions of this brain region. This result was also observed in male rats housed in triads (16) . The elevated estradiol levels measured in both male and female rats housed in triads likely explain the housing-related differences in anapyrexic responses. Estradiol receptors are found in most hypothalamic nuclei including those involved in thermoregulation. In fact, injection of estradiol in the medial preoptic area of female rats maintains body temperature constant by controlling heat loss during cold exposure (41) . Additionally, systemic injection of estradiol (alone or in combination with progesterone) to rat pups prevents anapyrexia (30) . Besides thermoregulation, estradiol may also affect ventilation through its action on central pools of neurons involved in breathing, be it directly on brain stem neurons or indirectly via neurons of the hypothalamus. In the brain stem, estradiol is capable of modulating autonomic outflow and baroreflex functions important in cardiovascular regulation (23) and respiratory control (14) . In women, the presence of high levels of circulating estrogens has protective effects on the heart and blood vessels (12, 23) , and inhibits transcriptional activity of HIF under hypoxic challenges (31) . Furthermore, there are numerous connections between respiratory neurons located in the brain stem and neurons of the paraventricular nucleus of the hypothalamus (PVN). The PVN sends descending projections to the nucleus of tractus solitarus (NTS), characterized as an important relay center involved in respiration. In fact, the NTS modulates ventilation by receiving ascending projections from the carotid bodies (9) . Accordingly, estradiol inhibits noradrenergic activity in chemosensory nerve fibers within the NTS (14) .
Peripherally, the presence of estradiol receptors and enzymes for steroid synthesis in carotid bodies (26) makes these structures potential candidates for the observed changes in ventilation. Modification of estradiol receptors and/or estradiol availability in the carotid bodies has functional impact on the chemosensitivity to hypoxia. In fact, combined with progesterone, estradiol inhibits noradrenergic and dopamine turnovers in the carotid body (14) . A decrease in peripheral dopaminergic inhibition following progesterone ϩ estradiol injections enhances minute ventilation at rest and during hypoxia in female rats (27) . However, this result is inconsistent with the attenuated HVR observed in female rats housed in triads, which suggests a more complex mechanism. Although the focus of this experiment was not on discovering related mechanisms, current data support the idea that housing affects activity of neurons involved in regulation of body temperature and ventilation located in the PVN, in the brain stem and possibly in the carotid bodies through an estrogen-dependent mechanism. Such suppositions warrant further investigation.
Impact of Housing on Circulating Levels of Ovarian Hormones
These experiments showed that triad housing induced a global rise in circulating estradiol and prevented the increase in progesterone among females subjected to NMS. Current data do not provide information on what triggered these changes in circulating levels of ovarian hormones. In male rats, levels of testosterone are higher in animals housed in triads compared with groups of eight (25) and groups of two (16) . To the best of our knowledge, however, the impact of changing housing density on the levels of females' ovarian hormones has not been tested. In comparison, social isolation and crowding in male rodents are characterized with lower levels of sex hormones, higher levels of corticosterone as well as a decrease in reproductive and aggressive behaviors (3, 8) . Housing animals in pairs, which provides more floor space to animals, seems to favor aggressive play and the establishment of hierarchical behaviors (dominant vs. subordinate) (19, 24, 25, 38) . Triad housing is possibly the combination that offers a suitable equilibrium between reproductive and aggressive behaviors. Hormonal profiles recently recorded in males housed in triads (high testosterone and low corticosterone) agree with such observations (16) , meaning that triad housing minimizes the animal's adrenal (stress) functions and maximizes reproductive functions. Behavioral quantification was not intended in this series of study but would provide important information regarding the association between housing and proximity with that of sexual (and stress) hormones production.
Perspectives
To researchers, results presented in this study should be used as a warning of the potential impact of subtle changes in housing conditions on experimental parameters such as chronic or intermittent hypoxia, maternal separation or even drug administration. For an extended review on the impact of environmental enrichment in laboratory rats, please refer to Simpson and Kelly (37) . To clinicians, we note that specific respiratory plasticity incurred during development may be reversed or compensated by increasing social interactions. This raises an important perspective. In humans, prematurity is often synonymous with intensive care, incu-bation and maternal separation. Current results support clinical work done on infants showing that breastfeeding and kangaroo care, which allow proximity and interactions between the newborn and the mother, are forms of enrichment that reduce risks of respiratory instability associated mainly with prematurity (2, 32, 36, 43) . We hope this encourages healthcare professionals to include any forms of skin-to-skin enrichment in their practice.
